INTRODUCTION
Pancreatic cancer (PC) is one of the deadliest neoplasms known worldwide. The 5-year survival rate of patients with PC remains as low as 6% (1). The poor prognosis of PC is mainly due to local tumor invasion; metastasis to distant organs such as the liver, lung, and peritoneum; and extreme resistance to chemotherapy (2-4). Thus, there exists an urgent need to develop effective methods aimed at preventing progression and metastasis of PC.
Fujioka and his colleagues have shown that inhibition of constitutively active NF-kB in PC cells suppresses tumorigenesis and metastasis in vivo (10, 11) .
Recent studies have shown that NF-kB is also involved in anoikis resistance, which plays a crucial role in tumor metastasis (12) (13) (14) . Cells normally undergo apoptosis after detachment from the ECM or neighboring cells. This cell death process, called "anoikis," acts as a barrier against cell metastasis. However, some tumor cells acquire an ability to resist anoikis and survive the route from their primary site to metastasis-target organs such as the liver, lung, and peritoneum (15). Using intestinal epithelial cells, Yan and colleagues found that cell detachment directly activates p65 and that inhibition of NF-kB by IkBa or pharmacological inhibitors accelerates anoikis (12). In addition, Liu et al. found that NF-kB delays anoikis through upregulation of the inhibitors of apoptosis protein (IAP) family, such as X-chromosome-linked inhibitor of apoptosis protein (XIAP) and cellular inhibitor of apoptosis protein-2 (cIAP-2) (13). Results of the study by Yawata et al. indicated a correlation between the acquisition of anoikis resistance and the enhancement of peritoneal dissemination of gastric cancer cells (16). Peritoneal dissemination is one of the representative forms of metastasis of PC (17) . Based on these results, we hypothesized that an NF-kB inhibitor could suppress anoikis resistance in PC cells, resulting in inhibition of peritoneal metastasis.
Dehydroxymethylepoxyquinomicin (DHMEQ), a NF-kB inhibitor, is a derivative of the antibiotic epoxyquinomicin C. After chiral separation, (−)-DHMEQ was shown to be a more potent inhibitor than (+)-DHMEQ. DHMEQ inhibits both induced and constitutively active NF-kB, as well as the canonical and noncanonical pathways of . A recent study has suggested that DHMEQ inhibits NF-kB activity by binding to RelA/p65, and RelB (19) . DHMEQ has been shown to have tumor-suppressive effects on several solid tumors and leukemia in vitro and in vivo (18). In addition, our previous study demonstrated that DHMEQ suppressed peritoneal metastasis of gastric cancer cells in murine models, likely by inhibiting tumor cell adhesion to the peritoneum via repression of integrin expression (20) .
In the present study, we showed that specific inhibition of NF-kB suppressed peritoneal dissemination of PC cells at least partly by prevented anoikis resistance.
MATERIALS AND METHODS

Cell Culture
The human PC cell lines AsPC-1, BxPC-3, HPAC, and MPanc96 were obtained from ATCC. Cell lines were maintained in RPMI-1640 culture medium supplemented with 10% FBS, 100 units/ml penicillin, and 100 μg/ml streptomycin. All cells were cultured in a humidified incubator containing 5% CO 2 in air at 37°C.
Reagents
(−)-DHMEQ, synthesized as previously described (21), was dissolved in DMSO and then mixed with diluents for each experiment. Poly(2-hydroxyethyl methacrylate) (poly-HEMA) was purchased from Sigma (St. Louis, MO, USA). Antibodies were obtained from the following commercial sources: anti-XIAP, cIAP-1, cIAP-2, cyclin D1, caspase-3, caspase-9, FLICE-inhibitory protein (FLIP), B-cell lymphoma-extra large (Bcl-XL), B-cell lymphoma 2-associated X protein (Bax), cleaved caspase-3 (CC3), and GAPDH (Cell Signaling Technology, Beverly, MA, USA); and anti-Ki-67 antibody (DAKO, Glostrup, Denmark). 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) and calcein-AM (Cell Counting Kit-F) were purchased from Dojindo (Kumamoto, Japan).
Animals
Six-week-old female BALB/c nu/nu mice were purchased from CLEA Japan, Inc. (Tokyo, Japan). Mice were maintained under specific pathogen-free conditions in laminar-flow benches and were allowed to adapt to the environment for 1 or 2 weeks before experiments. All procedures involving animals and their care were approved by the Ethics Committee of Hokkaido University and were conducted under institutional and Japanese governmental guidelines for animal experiments.
Establishment of AsPC-1-Gluc and Substrate Preparation
For the quantitative evaluation of tumor volume and dissemination in vivo, we applied Gluc, a secretory form of luciferase isolated from the marine copepod, Gaussia princeps (22, 23) , to AsPC-1 cells. A vector carrying cassettes expressing a Gluc gene with a CMV promoter and a neomycin resistance gene with an SV40 promoter (New England BioLabs, Ipswich, MA, USA) was linearized with the restriction enzymes SspI and PciI. AsPC-1 cells were transfected with this vector by using FuGENE HD Transfection Reagent (Roche, Basel, Switzerland) according to the manufacturer's instructions. Stably transfected cells were selected in 400 μg/ml G418 (Sigma) for approximately 3 weeks, cloned with cloning rings, and expanded to create monoclonal cell lines. The established cell line, AsPC-1-Gluc, was cultured in RPMI-1640 supplemented with 10% FBS, 100 units/ml penicillin, 100 μg/ml streptomycin, and 100 μg/ml G418. Coelenterazine, a substrate of Gluc, was synthesized as described pre viously (24) and dissolved in 99.5% ethanol and 0.0375% HCl at a concentration of 1 mg/ml or 10 mg/ml as a stock solution and stored at 80°C. The stock solution was diluted in diluting buffer (0.1 M Tris-HCl buffer, pH 7.4, containing 0.3 M sodium l-ascorbate) for in vitro or ex vivo experiment or in PBS for in vivo studies before use.
Correlation Between Number of AsPC-1-Gluc Cells and Secreted Gluc Activity
AsPC-1-Gluc cells were seeded in a 96-well microplate at varying cell densities (n = 4) and incubated overnight. Culture media were replaced by RPMI-1640 without FBS, and 1 μl of the supernatant was mixed in 50 μl of the diluting buffer 24 h later. Next, 50 μl of 10 μM coelenterazine was added, and chemiluminescence was measured for 10 s by using a GloMax 20/20n Luminometer (Promega, Fitchburg, WI, USA).
Subcutaneous Xenograft Mice Model and Correlation Between Tumor Volume and Gluc Activity in Mice Plasma
AsPC-1-Gluc cells (5 × 10 6 ) were harvested from subconfluent cultures, washed with PBS, resuspended in a mixture of 50 μl of PBS and 50 μl of Matrigel (growth factor reduced; BD Biosciences, Bedford, MA, USA), and subcutaneously injected into the right flank of nude mice (n = 5). A small amount of blood was collected from the tail vein with heparinized microhematocrit capillary tubes every 3 or 4 days and centrifuged at 12,000 rpm for 5 min. Subsequently, 1 μl of plasma was mixed with 100 μl of diluting buffer containing 5 μM of coelenterazine, and luminescence was measured with a luminometer as described above (Gluc plasma assay). The size of the subcutaneous tumor was measured at the time of blood draw. The following formula was used to calculate tumor volumes:
Tumor volume = (shorter diameter) 2 × (longer diameter) × 0.5
Peritoneal Metastasis Model
AsPC-1-Gluc cells (1 × 10 7 ) were washed with PBS, resuspended in 500 μl of RPMI-1640, and injected into nude mice intraperitoneally (n = 5). Whole tumor volume was assessed by Gluc plasma assay. Intraperitoneal (IP) tumor dissemination was monitored with in vivo imaging according to the following method: 100 μg of coelenterazine was diluted in 200 μl PBS and administered to mice by IP injection, and luminescent images were acquired using a Photon IMAGER Hu (Biospace Lab, Paris, France) with 2 min of exposure. All imaging procedures were performed under anesthesia with isoflurane (Abbott Japan, Tokyo, Japan). Mice were sacrificed at day 30, and whole tumor volume was measured according to the formula described above.
Proliferation Assay
To study the growth inhibitory effect of (−)-DHMEQ in PC cells, we performed MTT assays. AsPC-1-Gluc cells (1 × 10 4 /well) were seeded in a 96-well microplate and were allowed to adhere to the bottoms of the wells overnight and then treated with various concentrations of (−)-DHMEQ for 48 h. After a 2-h incubation with 50 μg/well of MTT, formazan crystals that were formed in viable cells were dissolved with 100 μl/well of DMSO, and absorbance at 570 nm was measured using a Varioskan Flash microplate reader (Thermo Fisher Scientific, Waltham, MA, USA). Cell viability was calculated according to the following formula:
Cell viability (%) = absorbance of treated cells/absorbance of control cells × 100
Anoikis Assay
Anoikis induction by (−)-DHMEQ was evaluated as described (25) with some modifications, including usage of poly-HEMA-coated plates and calcein-AM. Poly-HEMA was dissolved at 40 mg/ml in 99.5% ethanol, and 50 μl of the solution was pipetted in each well of a 96-well microplate and dried. AsPC-1-Gluc cells (1 × 10 4 /well) were incubated with various concentrations of (−)-DHMEQ in a poly-HEMA-coated plate for 48 h. Cell Counting Kit F was diluted to 1:20 in PBS; 10 μl of the solution was added, and fluorescence (excitation: 490 nm, emission: 515 nm) was measured 60 min later using Varioskan Flash. Cell viability was calculated according to the following formula:
Cell viability (%) = fluorescence of treated cells/fluorescence of control cells × 100
Analysis of Cell Apoptosis by Flow Cytometry
To investigate apoptosis induction by (−)-DHMEQ, we performed flow cytometry by using the Annexin V-FITC Apoptosis Detection Kit I (BD Biosciences) according to the manufacturer's instructions. AsPC-1-Gluc cells (1.5 × 10 6 /dish) were grown in 60-mm dishes during adherent culture conditions or in poly-HEMA-coated dishes during suspension culture conditions and were treated with 0.08% DMSO or 40 μg/ml of (-)-DHMEQ for 48 h. EDTA (Life Technologies, Carlsbad, CA); 1 mM, was added to culture media for suspension cultures to inhibit cell-cell contacts. After treatment, 1 × 10 5 cells were suspended in 100 μl of binding buffer and incubated with 5 μl of Annexin V-FITC and 5 μl of propidium iodide (PI) for 15 min at room temperature in the dark. Fluorescence was measured with a FACSCalibur ™ flow Cytometer (BD Bioscience). Data were analyzed using FlowJo software (Tree Star, Inc., Ashland, OR, USA). Early apoptotic cells were defined as Annexin V positive and PI negative, whereas late apoptotic or necrotic cells were defined as Annexin V positive and PI positive.
p65 DNA Binding Assay
Nuclear extracts were prepared from AsPC-1-Gluc cells grown in suspension culture in poly-HEMA dishes at 0, 6, 12, and 24 h after detachment, by using the Nuclear Extract Kit (Active Motif, Carlsbad, CA, USA) according to the manufacturer's instructions. Nuclear samples from cells treated with 0.08% DMSO or 40 μg/ml of (−)-DHMEQ for 3 h in adherent or suspension cultures were also prepared. p65 DNA binding of each sample was assessed by using the TransAM Kit (Active Motif) as described in the manufacturer's instructions. Each experiment was performed in triplicate.
Western Blot Analysis
The changes of pro/antiapoptotic molecules caused by suspension culture and/or (−)-DHMEQ were assessed with Western blot analysis. AsPC-1-Gluc cells were treated with 0.08% DMSO or (−)-DHMEQ (40 μg/ml) for 24 h in adherent or suspension culture conditions. Whole cell extracts (20 μg/lane) were separated by SDS-PAGE and transferred onto polyvinylidene difluoride membranes using the iBlot ™ Dry Blotting System (Invitrogen). Membranes were probed with primary antibodies overnight at 4°C and with HRP-conjugated secondary antibodies for 1 h at room temperature. The blots were developed using Amersham ECL Plus ™ Western Blotting Detection Reagents (GE Healthcare Life Sciences, Buckinghamshire, UK), and chemiluminescence was measured using the LAS-3000 imager (Fujifilm, Tokyo, Japan). Densitometry of immunoblots was performed using ImageJ software (National Institutes of Health, MD, USA).
Study of Anoikis Resistance and Peritoneal Metastasis-Forming Capabilities of PC Cells
Anoikis induction in AsPC-1-Gluc, Mpanc96, BxPC-3, and HPAC cells in 48-h suspension culture was assessed by flow cytometry by using Annexin V-FITC and PI staining as described above. To study peritoneal metastases formation, 5 × 10 6 cells of each cell line were intraperitoneally injected into BALB/c nu/nu mice. Mice were sacrificed 28 days later, and the total volume of peritoneal metastases was calculated according to the following formula:
The tumor nodule formed at injection site was excluded from our measurement. Each group included six mice.
Evaluation of the Inhibitory Effect of (−)-DHMEQ on Peritoneal Metastasis
AsPC-1-Gluc cells (5 × 10 6 )/250 μl RPMI-1640 medium were transplanted to the peritoneal cavity of nude mice on day 1. Next, DMSO solution of (−)-DHMEQ was diluted in 0.5% carboxymethylcellulose for in vivo use. Vehicle or (−)-DHMEQ (10 mg/kg or 20 mg/kg) was intraperitoneally injected into nude mice twice a day, immediately after tumor cell inoculation. Each treatment group included six mice. Tumor volume was assessed by Gluc plasma assay, and tumor distribution in the peritoneal cavity was evaluated by in vivo imaging. On day 26, mice were sacrificed, and the total volume of disseminated tumor nodules was measured as described above. Tumor tissue samples were fixed in 10% phosphate-buffered formalin solution and used for H&E staining or immunohistochemistry using anti-Ki-67 and -CC3 antibodies for assessment of proliferation and apoptosis of tumor tissue, respectively (26,27). Ki-67 and CC3 staining was performed using standard protocols. The number of nuclei stained positive for Ki-67, or CC3, was counted in three representative regions of the tumor. Then, the Ki-67 or CC3 labeling index (LI) was calculated according to the following formula:
Ki-67 or CC3 LI (%) = (number of Ki-67 or CC3-labeled cells/total number of cells) × 100
Statistical Analysis
Correlations between two variables were evaluated with Pearson correlation coefficient. Differences between two groups were assessed using the Student's t test. Multiple group comparisons were performed using one-way ANOVA with a post hoc test, Dunnett test, or Tukey-Kramer test for subsequent individual group comparisons. Comparisons between sequential data sets, such as Gluc activities of different treatment groups, were performed using one-way repeated measures ANOVA. A value of p < 0.05 was considered significant.
RESULTS
Establishment of Luciferase-Secreting PC Cells and Animal Models
We established AsPC-1-Gluc cells, a PC cell line secreting luciferase. By adding coelenterazine to conditioned Figure 1 . The correlation between the number of AsPC-1-Gluc cells and secreted Gluc activity was evaluated using Pearson correlation coefficient (n = 4). R, correlation coefficient. medium for AsPC-1-Gluc cells, we were able to measure luminescent activities of Gluc secreted from cells, indicating live AsPC-1 cells. The emitted photons and the number of cells showed a significant correlation (p < 0.05) (Fig. 1) , demonstrating that the activity of secreted Gluc is a good marker of live cells. Additionally, the subcutaneous tumor size in each mouse strongly correlated with the signal intensity of plasma Gluc activity (p < 0.05, correlation coefficient: R = 0.90 ± 0.06) (Fig. 2A, B) . In the mouse peritoneal metastasis model, we evaluated IP dissemination of tumor cells by using in vivo imaging, by directly injecting the substrate into the mice (Fig. 2C ) and monitored the total amount of metastatic tumors by using the Gluc plasma assay (Fig. 2D) . The Gluc activity in murine plasma at day 30 correlated well with actual tumor amounts (Fig. 2E) . These results suggest that AsPC-1-Gluc is a useful tool for the quantitative evaluation of peritoneal metastases of PC cells in vivo. 
Anoikis Induction in PC Cells by (−)-DHMEQ
Although (−)-DHMEQ inhibited the survival of both adherent and suspended AsPC-1-Gluc cells in a dose-dependent manner, the effect was stronger in suspension culture (Fig. 3A) . AsPC-1-Gluc cells grown in suspension showed only a minor fraction of apoptotic cells in flow cytometric analysis; however, apoptosis was strongly enhanced when cells were incubated with 40 μg/ml (−)-DHMEQ (Fig. 3B ). This proapoptotic effect by (−)-DHMEQ was less pronounced in adherent culture.
Induction of p65 DNA-Binding Activity in Suspension Culture and Suppression by (−)-DHMEQ
The DNA-binding activity of p65 in AsPC-1-Gluc cells was temporally enhanced in suspension culture, peaking at 3 h after detachment of cells, and gradually recovering to the same level as that observed in adherent culture (Fig. 4A) . However, (−)-DHMEQ completely suppressed this suspension-induced p65 activity (Fig. 4B) .
Effect of Suspension Culture and (−)-DHMEQ on a Panel of Apoptosis-Related Proteins
Changes in the expressions of pro-or antiapoptotic proteins were assayed by Western blot analysis (Fig. 4C, D) . Expression of some antiapoptotic proteins such as cIAP-1, cIAP-2, or FLIP increased after activation of p65 by cell detachment. (−)-DHMEQ inhibited this upregulation of prosurvival molecules, especially cIAP-1 and cIAP-2. The expression of XIAP, an important caspase inhibitor, was reduced by cell detachment or incubation with (−)-DHMEQ and was greatly downregulated in the presence of both. Cyclin D1, also reported to be involved in anoikis resistance (28), was barely detectable in AsPC-1-Gluc cells grown in suspension. (−)-DHMEQ, however, showed a limited effect on the inhibition of cyclin D1 expression. Full-length caspase-3 and caspase-9 decreased the most in suspension cells with (−)-DHMEQ. The expression of Bcl-XL and Bax was not affected by either suspension culture or (−)-DHMEQ.
Anoikis Resistance and Peritoneal Metastasis of PC Cell Lines
After 48 h of suspension culture, the majority of AsPC-1-Gluc and MPanc96 cells were negative for both FITC and PI; however, most of the BxPC-3 and HPAC cells were positive for FITC and/or PI as determined by flow cytometry. These results suggest that AsPC-1-Gluc and MPanc96 cells were anoikis resistant, whereas BxPC-3 and HPAC cells were anoikis sensitive (Fig. 5A) . Furthermore, the anoikis-resistant cell lines formed significantly more peritoneal metastases than the anoikissensitive cells in vivo (Fig. 5B) , indicating a possible correlation between anoikis resistance and peritoneal metastasis of PC cells. 
(−)-DHMEQ Suppressed Peritoneal Metastases of PC Cells In Vivo
Based on the above results, which support a correlation between anoikis resistance, NF-kB activity, and peritoneal metastasis of PC cells, we conducted an in vivo study to evaluate whether (−)-DHMEQ could suppress peritoneal metastases of PC. As shown in Figure 6A , (−)-DHMEQ decreased Gluc activity in mice plasma in a dose-dependent manner. We also confirmed the inhibitory effect of (−)-DHMEQ on IP spreading of AsPC-1-Gluc cells with bioluminescence imaging (Fig. 6B) . The body weight loss of (−)-DHMEQ-treated mice was not observed, which suggests that (−)-DHMEQ was not toxic to the body (Fig. 6C) . Those mice were sacrificed at day 26, and macroscopic analysis showed tumor suppression by (−)-DHMEQ, similarly to the bioluminescence imaging data (Fig. 6D, E) . Proliferation and apoptosis of tumor tissue samples were assessed using immunohistochemistry; however, Ki-67 or CC3 LI was not significantly different among the three treatment groups (Fig. 6E, F) .
DISCUSSION
In the present study, we first demonstrated that a specific NF-kB inhibitor, (−)-DHMEQ, suppressed anoikis resistance and peritoneal metastasis of PC cells in mice. The results of proliferation assays, anoikis assays, and flow cytometry indicated that (−)-DHMEQ attenuated anoikis resistance of AsPC-1-Gluc cells via NF-kB inhibition. The dose required to induce cell death in AsPC-1-Gluc cells was relatively higher than that previously reported for other tumor cells (29,30). Although we did not thoroughly analyze this discrepancy in the current study, we speculate that the effective dose may depend on cell types because effective doses of (−)-DHMEQ varied among tumor cell lines in previous studies.
DNA binding of p65 was immediately elevated after AsPC-1-Gluc cells were put into suspension culture. This result is consistent with previous studies (12,13). Our results of Western blot analysis showed an upregulation of cIAP-1, cIAP-2, and FLIP in suspension cultures of AsPC-1-Gluc cells. In this experiment, however, XIAP decreased upon suspension. Cyclin D1 has also been reported to play a crucial role in anoikis resistance (28), and it was almost completely repressed by suspension of AsPC-1-Gluc cells. Given these results, we speculate that cIAP-1, cIAP-2, and FLIP are involved in anoikis resistance in AsPC-1-Gluc cells, whereas XIAP and cyclin D1 play roles in anchorage-dependent survival. (−)-DHMEQ suppressed p65 activity, and the expression of the prosurvival molecules such as cIAP-1, cIAP-2, and FLIP enhanced by suspension culture, suggesting that (−)-DHMEQ induced anoikis in AsPC-1-Gluc cells, at least in part, due to inhibition of these molecules. (−)-DHMEQ also had an additive effect on repression of XIAP. Other important Bcl proteins, Bcl-XL or Bax, seem to play a minor role in anoikis induction by (−)-DHMEQ.
Finally, we demonstrated a suppressive effect of (−)-DHMEQ in peritoneal metastases of AsPC-1-Gluc cells in a mouse model, as shown in the results of our ex vivo Gluc plasma assay, in vivo luminescent imaging, and macroscopic examination at autopsy. We could not quantitatively evaluate anoikis induction in vivo because of technical difficulties; however, the results of immunohistochemistry of tumor nodules support the importance of anoikis promotion by (−)-DHMEQ in this experiment. No significant difference was observed in the Ki-67 or CC3 LI, which indicates that (−)-DHMEQ did not affect proliferation or apoptosis of adherent tumor nodules that were already metastasized to the peritoneum, and there were other mechanisms of metastasis inhibition. Collectively, we concluded that the suppression of IP spreading of AsPC-1-Gluc cells by (−)-DHMEQ was at least partly due to anoikis induction in PC cells floating in the abdominal cavities of mice. Inhibition of invasiveness may also have contributed to this effect because Suzuki et al. reported the invasion-inhibitory effect of DHMEQ on AsPC-1 cells (31).
In support of our present data, Fujiwara et al. showed that nafamostat mesilate, a synthetic serine protease, also blocks NF-kB DNA binding and that it inhibited PC cell adhesion and invasion and promoted anoikis in PC cells in vitro (32). Furthermore, they reported that nafamostat mesilate suppressed peritoneal dissemination of AsPC-1 cells in a mouse model, although they did not describe the detailed mechanism of this anoikis promotion by nafamostat mesilate.
There are few reports that have focused on anoikis promotion as an antimetastatic mechanism of NF-kB inhibitors. Our results have provided some insight into the attenuation of anoikis resistance of PC cells as a useful approach to prevent metastasis.
